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What Is the most
important property of
a particle”

THE MASS!
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Spontaneous Symmetry Breaking

d* X d? X
I1E - =0
dz* dz? solved
4 2 by Euler
]Ed Y | Fd—Y =0
dz? dz?
4
I = % E is Young Modulus
Solution:
1) X=Y =0
2) X = Csinkz First solution appears when

F>F. =

n=1,2- 2



Spontaneous Symmetry
Breaking

* [here exists a critical point, i.e. a critical value of
some external quantity which we can vary freely

(e.qg. external force F; temperature in CMP)

* Beyond the critical point,
the symmetric solution becomes unstable;
the ground state become degenerate.
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Nambu-Goldstone Boson

(1960)

2008
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Massless NG boson

Massive scalar boson

Jeffrey (1961)
Goldstone Goldstone, Salam, Weinberg (1962)



Anderson (1963)
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®x “the Goldstone zero-mass difficulty is not a serious
one, because we can cancel It off against an
equal Yang-Mills zero-mass problem”
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Immediate Impact of
Weinberg's Work in 1967

ZERO

Sidney
Coleman

« Why & What
happened?




Why so”
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Electron propagator

Radiative correction
Bare vertex Radiative correction (Self-energy)

€0 €0

Photon propagator ~ Radiative correction
(Vacuum polarization)
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~reeman Dyson

Note: # % (Freeman Dyson) & 5 A4/ A5 E M £ 5 0935 F £ GH. %K 4 54
F, 1945 FRBHFEANFTFELE, T 1947 FH L AR RRFHRE AN - A4
7RG R2F) P T HBRPHAR - BRAG IO F T H 1T 2 09%
TR E T ML, S FF A FOE DA T R BB T R 1949 F K 44 4
Dyson series, % — L 1£ % X Ward 4 % # # 4 Ward ¥ %,

KERTWE 50, R Treaiad T8, BLREATT 1951 $BHFH L%
WIEF A, RAAREEVA R, KERFRT FEF 2, L 47% Yeshiva
University (1966), University of Glasgow (1974), Princeton University (1974), Univer-
sity of York (1980), City University of London (1981), New School of Social Research
(1982), Rensselaer Polytechnic (1983), Susquehanna University (1984), Depauw Uni-
versity (1987), Rider College (1989), Bates College (1991), Haverford College (1991),
Dartmouth College (1995), Federal Inst. of Tech. (ETH), Switzerland (1995), Scuola
Normale Superiore, Pisa, Italy (1996), University of Puget Sound (1997), Oxford Uni-
versity (1997), Clarkson University (1998), Rockefeller University (2001), St. Peter’s
College (2004), Georgetown University (2005), University of Michigan (2005), Univer-
sity of the Sciences (2011),



Muon g-2 &=

% Jtheory = 1 (a) 1928 (Dirac equation)
+ (a/27) (b) 1949 (1 diagram)
—0.32848 (a/)* (c) 1958 (18 diagrams)
+(1.195 £ 0.026) (o/7)° (d) 1974 (72 diagrams) : :
(17283 (3)) (/)" + (Non-QED)  (e) 2006 (801 disgrams).  [NINOSItA
PRL 109, 111808 (2012) PHYSICAL REVIEW LETTERS 14 SEPTEMBER 2012

Complete Tenth-Order QED Contribution to the Muon g — 2

Tatsumi Aoyama,l’2 Masashi Havakawa,3’2 Toichiro Kinoshitaf"2 and Makiko Nio’

e 70 00 FY 9

1(b) I(d)

a e 2 2 A

@116

] (BRIT1267270 B E2H)

BV
iAKW E A BEER 1
VI() VI~ Vl(h)@ Vﬁ% V% Vﬁ




ETIIMERFRF

1949 LN, R AQEDEICHIRAREKIT, Al

X 21171 El’]*itl M TF B BARTS 1¢ny_1b¢@fEi$7Z2%ﬁ

?ﬁﬁm%_ éf%%.%ﬁﬂu% A X RT3
~ IFE-fMMmE .

\;

RMAA, XFEORARR T IR EREY)
BT ERER, FRIHASZEZ®RRET. =212,
L?ﬂ/’\?\% :[-é TJEEZ fzo




1971-728
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Benjamin W. Lee

MSeFe{ZEZE (1935-1977)

David Politzer (2004 Nobel Lecture):

*“ the particle physicists community at
that time learned all from Lee who
actually combined insights from his
own work and from Russian physicists'
work and encouraged 't Hooft's paper.”
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Standard Model shining
after the revolution
on November 1974
(charm discovery)



How to build up the SM?

e Step 1: Choose a gauge group G.

e Step 2: Choose the fields of the “elementary” particles and assign
them to representations of G. Include scalar fields to allow for the Higgs
mechanism.

e Step 3: Write the most general renormalisable Lagrangian invariant
under G. At this stage gauge invariance is still exact and all gauge vector
bosons are massless.

e Step 4: Choose the parameters of the Higgs potential so that sponta-
neous symmetry breaking occurs.

e Step 5: Translate the scalars and rewrite the Lagrangian in terms of
the translated fields. Choose a suitable gauge and quantise the theory.

1305.6779



Intermediate Vector Bosons

We know that one gauge field is associated with a
generator of gauge group.

W+, W-, Z, gamma * 4 generators

The simplest one Is
SU(Q)L X U(l)y

Gauge invariance requires the introduction of vector bosons,
which act as quanta of new interactions. In gauge theories
the symmetries prescribe the interactions.



The Quark and Lepton Lagrangian

wyho w >y D,y
. Y . Ti I . ﬂ/a a
D, =0, —zglaBﬂ —ig, EW”_Z& 5 G,

* B, Is the spin-one field needed to maintain the U(1) gauge invariance. g, is
the coupling strength (to be measured experimentally. Y is the generator of

U(l), transformations, a constant, but in principle different for the different
fermions.

* Analogous remarks describe the SU(2) and SU(3) terms. We introduce 3

and, respectively, 8 vector bosons WhICh are needed to maintain the local
gauge invariance. T’W’ =7 W +7 W +7 W

D, gives a zero result when it acts on a term of dlfferent matrix form. For
example 7' is a 2x2 matrix in SU(2) and it gives zero acting on ey, uy,d,.

‘Eferm :nyﬂ@luf f:LaeRagLauRadR
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The Standard Model

In order to be gauge invariant, that is: unaffected by
the symmetry transtormation of SU(2)xU(1), all the
terms in the Lagrangian must carry no net guantum
numbpers.

,7_CL

e — VGW_ @LW“W[}- >

VL

y Weak isospin:
( e > L



The U(1) Terms

— Y Y
~ L. (U(1),leptoni) = Li;/“(igl ;BﬂjL + eRij/“(igl ;BﬂjeR

Ly“L=v y"v, +e y"e

L (U(l), leptoni) = gzl [YL (‘7L7/ﬂVL e y'e, ) Yeepy“ep ]B,u



The SU(2) Terms

~ L. (SU(2),leptoni) = Liy* (i g, ;W; JL
w,  W,—iW:\v
:_&(VL eL)yﬂ[ 1 ﬂ 2 : 3 ﬂj( Lj
2 w,+iW, -W, e,
W) —2W v
:_&(VL e, )y” - 0 '
2 -2w; =W, e,

2

0 +
S, oy M e
—N2W v, -W e,
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The Neutral Current

Electromagnetic interaction of particles of charge O:
Loy =04, \_éLyﬂeL + éRVﬂeRJ

There are terms involving neutrinos —gzlYLBﬂ —gzsz jVLy/“VL
We assume the the electromagnetic field A is the orthogonal combination:

0 0
Aﬂocngﬂ—leLWﬂ ZﬂocleLBﬂ+g2Wﬂ

gV B,+g.W,
L=
Jg3 +gir?

0
B ngy _leLW,u

4 =
7
Jg3 +gir’

/Z




The Neutral Current

Terms involving electrons: eLy“eL(—g;YLBﬂ +g22W£j+eR7/“eR (—ngYRBﬂj
I 2 2772
Jg3 +giy] © g +glY,
_ 2.2,Y _ Y
~-A,qe re; 21 25 ; +epyten g12g2R2 2l
k _\/g2+g1YL_ _2\/82+81YL 1]
( 22 > | | 2 1
Y; — Y,Y
—Zﬂ<éL7“eL &1 2L ‘322 +epytep g12 2 L2 - >
\ _2\/82 +gi Y, _2\/82 tgit, |

The term in 4 must be the usual eleciromagnetic current.
The term in Z, can be an additional interaction, to be checked experimentally.



The Neutral Current

—e = 81821 o= 81827k
2 | 2y2
J&3 +giY; 2\g3 +giY?

> — We can choose Y,=-1, since any
\/82 +giY change in Y, can be absorbed by

YL = —e ey
2,2, a redefinition of g;.
\/82 T 81

The theory we have been writing can be interpreted to contain the usual
electromagnetic interaction, plus an additional neutral current interaction
with Z , for both electrons and neutrinos.



The Neutral Current

Define: sin @), = 2gl ;
\/82 81 6,, weak mixing angle
cosO) = g, (Weinberg angle)

Vg3 +gf
_ e

S cos Oy
- e

52 sin Gy,

g; and g, are written in terms of the known e (e¢?/47~1/137)
and the electroweak mixing angle, which needs to be measured
or calculated some other way.

sin® @, ~0.23



Neutrino and Z-boson coupling

2 2
\/82 T & _ 2, _
Z V,ytv, = Z v;rHv
2 w'L? Ve 2cos8, ~ L7V
&2 quantity to be associated to each v -Z vertex.

2costy  “electroweak charge” of the left-handed neutrino.

— 7 7 ~1/2
€ €

\/g2+g2 _ ,
2 T8 T "
_cos2 0, sin” Oy

- , ~1/2
e

2 . 2
CcOS” Oy sin” Oy

e

cos Oy sin Oy,



-lectron and Z-boson coupling

r A

2 2 2
_ g —8 ,— g
—Z e yte | S | tery e, > |0
\ _2\/g2+g1 i _\/gz'l'gl 1
gi-g3 & 1 1)
2 )
2\g2+gl  2\g3+gi\cos’ Gy sin’ Gy
e | ) :
= -sin” @ e, Couplin
cos Gy, siné’W( 2 Wj - PINS
2 2 .
g, B e~ cosf,sing,
\/gzz +g12 cos’ 6, e
_ € (sin2 HW) e, Coupling

cos@, sin G,



The Charged Current

The U(l) part of the Lagrangian contains only terms diagonal in the
fermions, whereas the SU(2) part has also non diagonal terms.

L = &2 Viy eLW+ -I—EL}/”VLW/;] charged current

v, yte, = 1177/# (1 —y° )e V-A interaction

We thus expect WZ bosons and the associated charged current
transitions. The observed charged currents occur with a strength much
smaller than one would expect:

(g2 V2f _ (e*an) _ 2
47 - 2 5in? HW - 137




Higgs Mechanism in the SM

A fundamental (complex) scalar doublet:

» The cause of Electroweak Symmetry Breaking

(My = 80 GeV, M, = 91 GeV) il

» The origin of Flavor Symmetry Breaking

(Quarks and Leptons have diverse masses.)

« [o generate My and M,

X
/

v U
X
\

- 0] o) 2o

1
2

2

v . i = M, =—gv

= To generate mf

yfFLq)fR 4 ..

U
X
|
!




The Lagrangian for ¢ is | |

= Dupl® = V() = 7(F2,)* = (Gpu)?

+ (coupling to quarks and leptons)

¢:((v+h:;0)/ﬂ> v — v+ h(z)

|Du90‘2
= (0 v/V2) I wet + W_J_+QW003+9—,B|2 0
NG NG 2 2 v/V2
2
1
= UZ[QQW*W_ + 5(=gW’ +¢'B)°] 9= 92
9 =0
B 3 : /
/Z =cosf,W° —sin6,B cos b, = 29 _ g, = g
A =sinf,W? + cosb,,B Va2 +y Vg?+ g7
2 2 12
» 2 gzvz m2, — g Zg - mw /mz = cos 0
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1) Why are we not anxious when LEP
& Tevatron missed the Higgs boson”

2) Why does it take such a long time
to observe the spin-0 particle”



Footprint of Higgs Boson

* Equivalence theorem:

/

Longitudinal polarized
massive gauge boson

At the rest frame of gauge boson:

three polarization states
are equivalent.

k=(m 0 0 0)
£=0 1 0 0)
&=0 0 1 0)
=0 0 0 1)

N N\

@

q

x (14 @(%?)]

/

unphysical
Goldstone boson

In the high energy limit:

Longitudinal polarization state
IS distinctive.

k=(E 0 0 p)
e’=(0 1 %i 0)
p—>
g, = [mi 0 0 ij —_— gL_£+0[@
w



Theoretical Bound of Higgs Boson Mass

Imaginary experiment:
WWwW >W'W,

Longitudinal gauge boson scattering cross section at high energy

grows with M,

Wy Wi
Wy % W
E2

+ finite term

oC d

M;,

oC —a + finite term

M2

—)

Theorem:
The only way to unitarize
amplitude is by
a scalar Higgs boson




Theoretical Bound of Higgs Boson Mass

« Unitarity

For any 2 — 2 elastic scattering,
do 1
d_Q - 647s

one can make the partial wave decomposition:

2

M|

M =167 (2/+1) P(cosb) q,

4 Slay)

P | b=t

Therefore,
167z
Z(zl +1)]a,| |
1
Optical theorem: 2
O = lIm[M(Hz O)] 16722:(21 + 1)‘511‘
S

— ‘Re(al)‘ < %



Theoretical Bound of Higgs Boson Mass

For W, W, > W,/ W,

M? m: o oMy \
ay=——"5| 2+ —5 - Hlogkl+ SzJ
lomv |  s=-M, s M,

M2

= When s> M, a, = — =

37TV

1
‘Re(ao)‘ < 5 —> M, <3870 GeV = ~

= |f there is no Higgs boson observed,
s >
ie. M,>s, a, > — >
327y

Best constraints
are derived from
coupled channels:
WW, ZZ, HH, HZ.

\Re(ao)\<% —— Js, <1.8 TeV /

New physics expected at TeV scale (LHC)




Why so difficult to see Higgs boson?

« The direct search of Higgs boson is negative due to many reasons
(theoretical uncertainties, copious backgrounds, etc.),
but why can we not see it from the quantum corrections?

H H

P Pt Strong interaction
r '\_ .\ EEE
AW K anZ for large m,,
W Z

« Screening theorem (Veltman 1977):

Radiative corrections which are dependent on
the Higgs mass are of form,

A (m,)  (m2)
g lnkm—J+g km_)Jr

) | ow energy observables are relatively insensitive to M, .

Deeper understanding of the source of this screening
cf. M.B. Einhorn and Jose Wudka, PRD39 (1989) 2758.






Theory (1970-1975):. All fundamental subatomic particles can be
understood as the energy quanta of fields:

- vector fields: spin 1 particles
- spinor fields: Dirac particles with spin %%
- scalar fields: spin 0 particles

These fields interact. Particles interact.
Due to these interactions, they tend to accumulate infinite

amounts of energy: hence infinite mass !

Unless there is some protection mechanism,
keeping the mass = 0,

spinning particles, interacting with vector fields, enjoy such a
protection mechanism !

Spin = angular momentum

t’Hooft @ PKU (2014)



@ >

Massless particle: always goes with speed of light

Helicity has to flip

%@)\ z—

Particle with mass:  always goes slower

Helicity =

spin along
axis parallel
to motion

t’Hooft @ PKU (2014)




The electromagnetic force and the weak force
cannot flip the helicity of a particle, so

These forces cannot generate mass!!

When a force acts differently on particles with
Left-helicity and right helicity, then

Mass iIs forbidden !

This is why electrons, neutrinos, quarks should
all be strictly massless ...

But they do have mass!!

t’Hooft @ PKU (2014)



Particle with mass

A particle that can vanish
iInto empty space:
the Higgs particle.
It carries away the weak charges that determine
the effects of the weak forces.

Now the helicity can flip !!

t’Hooft @ PKU (2014)
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10* GeV i Planck length: [0’ m
THE 10 GeV ;‘\]{
HIGHWAY =
ACROSS THE SR
DESERT s -30
1015GeV 107" m GUTs
1012GeV 10~ m
109GeV |, 10" m
TODAY's
limit 106GeV ~ T 10_21 m
- _ 18
1 : Higgs(?) 10 m
&
1 GeV ig:N A2 107" m
T
1)
0 e




